Abstract-In this paper, a control scheme is demonstrated that regulates multiple Phase Shifting Transformers (PSTs) to equally load the interconnectors of a border. A crucial step in the development of the control scheme is the derivation of Phase Shifter Distribution Factors (PSDFs), which indicate the influence of a PST on the active power flow on a certain line. Based on these PSDFs, the Linear Least Squares (LLS) method is used to calculate the optimal PST settings. The degree to which an even repartition can be obtained, depends on the number of PSTs in relation to the number of interconnectors. As a casestudy, simulations are performed involving the Dutch and Belgian interconnectors.
I. INTRODUCTION
D UE to uneven loading of interconnectors in meshed networks, the total cross-border capacity available for import and export of electrical energy, is lower than might be expected when looking at the capacities of the tie lines. To improve the situation, the Dutch Transmission System Operator (TSO) installed two phase shifting transformers (PSTs) [1] at the Meeden substation in the north of the Netherlands [2, 3] . The southern part of the country is closer to the centre of the meshed European grid than the northern part, which leads to congestion problems on the southern interconnectors with Germany. The PSTs can divert power to the northern interconnector, loading the lines more evenly.
To cope with the growing problem of transit flows, the Belgian Transmission System Operator has decided to install several PSTs, because a single device can only shift power to other lines but can not fully control it. The plans are to install one device in Zandvliet and two in the Van Eyck substation on the Belgian-Dutch border. Another PST at the Gronau substation in Germany has been functioning already for a long time.
The use of several PSTs in a relatively small geographic area must be treated carefully, as a poor coordination can lead to inefficient use of infrastructure or even to situations where the security of supply is no longer guaranteed. The goal of this paper is to study how the PSTs (once the Belgian PSTs are installed) can be controlled in order to obtain an optimal or near-optimal exchange situation for both the Netherlands and Belgium. The solution can be found by optimising all PSTs as described in [4] , or by controlling the Dutch-German and the Belgian-Dutch border separately in such a way that the loadings of the tie lines of that border are even, or at least as even as possible.
The authors stress that the developed control scheme is only one possible approach to PST coordination. At this point, there is no general agreement between TSOs on equal power repartition, or on any coordinated use of PST control.
In section II, DC power flow equations are developed accounting for phase shifters. Then, section III explains the principles of linear least squares approximation. These two concepts are combined in a single border flow control algorithm in section IV. A combined control scheme for multiple borders is proposed in section V. The effect of topology changes on this control scheme is discussed in section VI. Finally, section VII shows a more detailed modelling of the phase shifters.
II. DC POWER FLOW EQUATIONS
By using a DC load flow approximation [5, 6] , the power P ij through a transmission line with a PST and the power P pq through a line that is influenced by a PST somewhere else in the system can be written as:
where α ij is the phase shift angle of PST ij and P † ij and P † pq are the line power flows at zero phase shift. The derivative of the power through the line to α can be referred to as the Phase Shifter Distribution Factor (PSDF) [7] , and can be expressed as follows:
where y ij and c ij indicate the element ij of the admittance matrix and inverse admittance matrix respectively. If multiple PSTs are installed in the system, the equations for the line power flow must be generalised. The power flow through a line with a PST and that is influenced by other PSTs in lines (m, n) is:
It can be seen that every PST contributes an extra term to the equation. The power flow through the line is now a linear function of the different phase shifter settings.
The power flow through a line without a PST, influenced by PSTs in lines (m, n), is:
III. LINEAR LEAST SQUARES
Suppose the following overdetermined system of linear equations is given:
In the Linear Least Squares (LLS) approach [8] , the aim is to find the x for which ||Ax − b|| 2 is minimal (hence the name). This can be written as:
It is pretty straightforward to verify that this minimisation problem has the following solution:
If a border with all its interconnectors is considered, then the active power flows can be described by the following matrix equation:
where P † is the vector of power flows with the PSTs set to their reference position (for example: all at zero degrees), Ξ is a matrix of PSDFs and P ref is a reference power distribution which is to be approximated. In the border balancing problem, the relative loading of the interconnectors should be made equal. So, the elements of P ref are:
where P i is the power flow through one of the interconnectors and P i,r is the rated power of that line. If (10) is rearranged, it can be written as:
which can be identified with (7) . The change in phase shifter settings that results in the best approximation of an equal loading scenario can be found by using (9). 
IV. SINGLE BORDER CONTROL

A. Border Types
Borders can be classified as one of the following types:
• Type 1 borders have less than l − 1 PSTs for l interconnectors. This means that the flow distribution on the border can not be fully controlled.
• Type 2 borders have l − 1 PSTs for l interconnectors. In this case, the flow distribution can be controlled, but the total transfer can not be fixed.
• Type 3 borders have a PST in every interconnector. In this way, the flow distribution can be controlled, but also the total transfer over the border can be set.
B. Dutch-German Border
The Dutch-German border is of type 1. The LLS method is applied starting from four base cases, in which the settings of the PSTs on the Belgian-Dutch border are different and the PSTs on the Dutch-German border are at zero phase shift. The two devices in Meeden are considered as one, because they are operated in that way. The PST of Gronau in Germany is also taken into account. For every case, the optimal Δα is calculated for Meeden and Gronau. The results can be seen in Table I .
The optimum PST settings and the corresponding line loadings are calculated by LLS and equations (5) and (6) . The optimum settings were applied in a full AC simulation model in PSS/E in order to verify the line loadings ("simulated optimum" in the table) .
From the results, the following conclusions can be drawn:
• The LLS method is able to balance the border flows to a certain extent. However, perfect balancing is not possible because four line flows can not be fully controlled by only two PSTs.
• The calculated and simulated results are slightly different due to the limitations of the DC load flow approach.
C. Dutch-Belgian Border
The Dutch-Belgian border will be of type 3 after the PSTs in Belgium are installed. An LLS approach is not strictly necessary because the desired line flows can be obtained exactly, since there are 3 flows to control with 3 PSTs (i.e a square system of equations). In this case, it suffices to solve the set of linear equations. If the aim is an equal loading, then the desired line powers are set to the desired power transfer divided by three (since the rated powers of the lines at the Dutch-Belgian border are all equal).
A calculation is performed for four different cases, which differ by the settings of the PSTs at the German-Dutch border. In the base cases, the PSTs on the Dutch-Belgian border are at zero phase shift. In every optimised case the desired power transfer from Belgium to the Netherlands is set to 300, 600 and 900 MW successively. For these three transfers, the line loadings should be 0.07, 0.14 and 0.21 respectively. The calculated PST settings to obtain an equal loading as well as to establish the desired transfer are calculated and used in the simulation model. The resulting line loadings from the simulation can be seen in Table II . The results from the simulations can sometimes differ considerably from the desired values. The main cause can be found in the limitations of the DC load flow approach.
V. COMBINED BORDER CONTROL
The two LLS schemes are combined in one control algorithm, which is drawn in Fig. 1 . P init (P † in eq. 10) is a vector with system flows that correspond to the initial phase shifter settings. The LLS blocks solve eq. 10; note that the Belgian-Dutch border has an extra input for the total power exchange (P ref ). The initial line powers are applied to the LLS functions, resulting in a Δα vector for each border. The PST is modelled as a combination of a sign function, a gain and an integrator. The integrator and sign function result in a linear ramping behaviour, which approximates the behaviour of the mechanical tap changer. The gain K determines the slope of the ramp (i.e. the speed of the tap changer).
The settings of the PSTs are fed into a system block. In this block, a multiplication with the PSDF matrix is performed. delay is introduced by the mechanical tap changers of the PSTs.
VI. INFLUENCE OF GRID TOPOLOGY CHANGES
The LLS controller relies on the PSDF matrix. If the system topology changes, for instance due to a line outage, this matrix must be updated. If the PSDF matrix in the LLS blocks is not updated, errors can occur. In the following sections, a contingency is simulated by changing the PSDF matrix in the system block in Fig. 1 and updating the P init vector to new values.
A. internal contingencies
As an example of an internal contingency, a 380 kV line between Hengelo and Doetinchem is taken out of service at t = 100 s. The PSDF matrix in the LLS blocks is instantaneously updated. The results can be seen in Fig. 3 . After the contingency, the controller adapts the PST settings in order to return to the optimal line loadings. If the PSDF matrix in the LLS blocks is not updated in this case, there is no significant difference with the situation where they are updated. The reason for this is the minor impact of an internal contingency on the PSDF matrix.
B. interconnector contingencies
If a contingency occurs on an interconnector, the change in the PSDF matrix is much larger. If the PSDF matrix in the LLS blocks is not updated when this kind of outage occurs, the errors can be large. As an example, a simulation is performed in which the line Maasbracht-Rommerskirchen is tripped at t = 100 s. From the simulation results in Fig. 4 , we can The Dutch-German border becomes a type 2 border after the contingency, so that the loading of the remaining lines can be made exactly equal.
If the PSDF matrix in the LLS blocks is not updated, a large error is introduced, as shown in Fig. 5 . The same setpoint for every line power is maintained, so the Meeden and Gronau lines carry the same power as before. Because the line to Rommerkirchen is out of service, its complete power flow is now transferred to the line to Siersdorf.
VII. DETAILED MODELLING OF PST
In the previous sections, it was assumed that the PST setting can be changed in a continuous way. This is however not the case in practice due to the mechanical tap changer. This discrete behaviour can be simulated by adding a quantiser block after the integrator in the PST model. There are several consequences to this:
• As the PSTs can only be set to discrete positions, the power flows over the lines can be controlled in a discrete way. The loadings of the interconnectors can not be made exactly equal in the general case due to this fact.
• Small disturbances and noise can result in constant switching of a PST between two states. In order to avoid this problem, a dead band block is inserted after the LLS control block. Simulation results can be seen in Fig. 6 .
VIII. CONCLUSION
In this paper a control scheme for multiple phase shifters installed in cross-border tie lines is presented. Depending on the number of phase shifters in relation to the number of tie lines, the total transfer can be controlled and/or the power distribution over the lines can be altered. These principles are demonstrated for the Dutch-German and the Dutch-Belgian border. The simulations show that in some cases, deviations can occur due to the DC load flow approximations that are used. It is shown that if a contingency occurs, an update of the controller parameters can be crucial.
